The in-plane orientation of the magnetization vector M in bcc-like Fe(110) films grown on Cu(001) is determined by means of scanning electron microscopy with polarization analysis. For thicknesses of 2 nm, slightly above the fcc/bcc phase transition, it is found that M is oriented along the 110 directions of the Cu (001) substrate. Following the Pitsch orientational relationship these correspond to magnetically hard 111 and 112 axes of bulk iron. This finding is in strong contrast to the behavior reported for thicker films (above 3 nm) of bcc Fe/Cu(001), where the 100 directions of the substrate are preferred. The role of strain in the iron film is discussed, inferring that the presence of a shear strain is mandatory to explain the spin reorientation via the magnetoelastic contribution to the magnetic anisotropy energy.
I. INTRODUCTION
Iron is a widely studied magnetic material that shows a complex behavior either as bulk material [1] or grown as epitaxial film on the Cu(001) surface [2] . Driven by the magnetic exchange interaction, bulk Fe crystallizes in a ferromagnetic body-centered cubic (bcc) structure (α-Fe) at room temperature (RT) and exhibits a phase transition to a face-centered cubic (fcc) phase (γ -Fe) at 1184 K, which is stable up to 1665 K. The growth of Fe thin films on Cu(100) favors the epitaxial growth of the fcc phase in the low-thickness range, due to a small lattice mismatch of Cu (a Cu = 3.615Å) and fcc Fe (a fcc-Fe = 3.58Å, extrapolated value at RT). For Fe/Cu(001) grown via thermal evaporation at RT three different regimes have been identified regarding structural and magnetic properties in previous studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A ferromagnetic (FM) phase with perpendicular orientation of the magnetization (regime I) is found for the lowest iron thicknesses, below ≈ 4 monolayers (MLs). For t Fe between 5 and 10 MLs an antiferromagnetic (AF) phase covered by a ferromagnetic surface live layer is obtained with a net orientation of magnetization parallel to the normal of the film plane (regime II). A tetragonally distorted fcc (fct) phase is present mainly in regime I while fcc(100) dominates in regime II. Films thicker than 11 MLs show an in-plane magnetization (regime III), which comes along with a martensitic phase transition. The fcc to bcc transition exhibits four symmetrically equivalent arrangements (variants) of the bcc (110) b structure on the fcc (001) f substrate with the fcc 110 f and the bcc 111 b directions parallel to each other.
The magnetic anisotropy of the bcc phase has been previously studied, revealing features that indicate a fourfold symmetry with the easy axes along the in-plane Cu 100 f directions [14] [15] [16] . In a ferromagnetic-resonance study it was shown for films down to 3 nm thickness that the corresponding anisotropy constants decrease with decreasing film thickness [14] . The extremely small value of the anisotropy constant K 1 obtained for the lowest thicknesses is in good agreement with the almost isotropic behavior that was found by Scheurer et al. [15] at 3.6 nm. The resultant anisotropy was recently explained based on the assumption of a strong exchange coupling across the grain boundaries that enforces a homogeneous magnetization orientation [16] . The four different variants that appear with equal probabilities contribute to an averaged first-order anisotropy constant that is obtained by summing up over all orientations utilizing Fe bulk anisotropy constants for the crystallites. As a result the film can be treated as a single-crystalline film (like in the analysis of the data in Ref. [14] ), and the magnetic anisotropy reveals a fourfold symmetry and can be described in the conventional form in the coordinate system given by the Cu(001). An effective anisotropy constant is obtained that is in fairly good agreement with the experimental results for thick films [14, 16] .
In this paper we present results of an investigation of the magnetic domain pattern by means of scanning electron microscopy with polarization analysis (SEMPA). We address the question for the magnetization orientation within the transition regime from the onset of in-plane magnetization to the almost isotropic behavior found by Scheurer and coworkers [15] . In that thickness range we find an easy axis of magnetization that is close to 111 b in-plane directions, corresponding to the 110 f directions of Cu(100). To explain the change of easy axes, a magnetoelastic (ME) contribution to the magnetic anisotropy energy is proposed. The shear strain in the (110) plane provides a ME contribution that changes the minimum of the anisotropy energy continuously towards 111 b . The shear strain in the Fe (110) plane is calculated utilizing results of previous He scattering experiments [13, 17] . Using bulk ME constants, we find that in each crystallite M deviates by 10
• from the bcc Fe 111 b directions, which are collinear with the fcc Cu 110 f axes. Hence, with four different structural variants a fourfold effective magnetic anisotropy has to be expected.
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II. FE FILM GROWTH
Ultrathin Fe films were grown on Cu(100) by e-beam evaporation at RT in ultrahigh vacuum. The base pressure was in the range of 2 × 10 −10 mbar and rose to 6 × 10 −10 mbar during deposition. Before growth the Cu(100) substrate was cleaned by cycles of ion milling and annealing. The milling (Ar, 500 eV, 1 μA) was performed at RT, and subsequent annealing was done at 700
• C for 20 min. After preparation a sharp (1×1) pattern was observed in low-energy electron diffraction (LEED) for the Cu(001) substrate; see Fig. 1(a) . Fe was evaporated from a high-purity rod at a rate of 0.7 ML/min. An Fe wedge was fabricated with thickness variation from 0 to 22 MLs by continuous motion of a shutter blade. The LEED pattern from a 22 ML Fe film [ Fig. 1(b) ] corresponds to the bcc phase. This pattern has been explained as the result of the possible arrangements of the bcc structure on fcc (100) substrates [6, 18, 19] with the Pitsch orientational relationship, in which rows of nearest-neighbor atoms are matched between {011} b bcc and {001} f fcc planes [19] . The latter means that the 111 b direction matches the 110 f axis and four different but geomatrically equivalent variants occur for Fe on Cu(100).
The domain structure was imaged by means of SEMPA. Our setup allows for measuring the two orthogonal in-plane components of magnetization [20] . This allows for precisely determining the in-plane orientation of M with an angular resolution below 4
• [21] . The magnetic probing depth of SEMPA is less than five atomic layers [22] , and the spatial resolution for magnetic structures is about 15 nm. The growth chamber is directly connected to the SEMPA apparatus, and samples can be transferred under ultra-high-vacuum conditions (base pressure < 5 × 10 −11 mbar).
III. RESULTS AND DISCUSSION
Figure 2(a) shows the SEM micrograph of the whole Fe wedge. Interesting features are contrast changes that reveal transition lines running parallel to the shutter edge [two vertical lines in Fig. 2(a) ]. A bright region appears on the left-hand side. In the second range the signal decreases gradually until it merges into a thickness regime with uniform low intensity. The second transition line is only vaguely discernible because the signal change is very low [see Fig. 2(a) ]. This transition, however, can be observed with much stronger, though inverted, contrast when imaging with backscattered electrons; see micrograph in Fig. 2(b) .
The change of brightness in Fig. 2 (a) can be attributed to changes of the work function, which determines the secondary electron intensity. The material with the lowest work function causes the highest intensity of the secondary electron emission. Values of the work function are 4.6 eV for Cu(100) [23] , 5.5 eV for fcc Fe(100) [23] , and 5.12 eV for bcc Fe(110) [24] . Hence, the first region in Fig. 2(a) can be appointed to the Cu(100) surface, and the gradual drop of intensity can be associated with the onset of the iron wedge. Finally the small increase of intensity at the second borderline is due to the phase transition from fcc to bcc-like iron. In the image taken with backscattered electrons the two iron specimens can be clearly resolved forming elongated structures along the 110 f directions. Figures 2(c) and 2(d) display the range where the phase transition appears. Both images were taken simultaneously. At the position of the intensity increase of the secondary electrons the first in-plane magnetized domains appear in the polarization sensitive image; see Fig. 2(d) .
The thickness of the iron film, t Fe , has been roughly calibrated utilizing the above-mentioned contrasts under the assumption that during growth the flux of iron and the shutter speed are constant. The wedges were prepared with due care and the thickness determined utilizing the location of the phase transition (fcc to bcc-like) and the onset of the wedge.
In the following we focus our attention on the magnetic structure of bcc-like Fe films. High-resolution SEMPA images of two in-plane polarization components are shown in Figs. 3(a) and 3(b) for an Fe thickness of about 14 MLs (uncertainty ±1 ML), which corresponds to about 2 nm. The location of the SEMPA images is marked by a square in Fig. 2(a) . The high image quality allows for a vectorial summation of the two component images. maxima represent the orientations of the magnetization in the domains. A fourfold symmetry is found, and the four directions of domain magnetization differ by 90 degrees. These maxima indicate that the magnetization of the domains is along the 110 f directions of the copper single crystal. Taking into account the crystallographic orientation of the Fe variants [ Fig. 1(c) ], this corresponds to the Fe 111 b or 1 12 b directions [these directions are marked with white arrows in Fig. 2(d) ].
This finding is in disagreement with previous interpretations and modeling of observed fourfold symmetry [14] [15] [16] . Prior to our investigation it has been found for thicker films that the easy axis of magnetization is oriented along the 
IV. ANALYSIS
Well-known and established contributions to the magnetic anisotropy energy e ma in thin films have their origin in the presence of surfaces and residual strains. Surface terms go with K s /t Fe , with K s being the surface or interface magnetic anisotropy constant. On the other hand, the strains in the film can modify the values of the bulk [25] and surface [26] magnetic anisotropy coefficients. These contributions are significant in Fe(110)/W(110) films and explain the switching of M from the [110] to the [001] in-plane direction as the iron film thickness increases [25, 27] .
Therefore, the ME energy appears as a natural origin for the new anisotropy observed in the Fe films especially at the thickness of the film studied here. Here 14 MLs is close to the thickness where the martensitic fcc-bcc transformation takes place and residual shear strain is expected to be present in the film.
To describe the ME contribution to the total anisotropy energy e ma , we start considering the ME energy for a cubic symmetry with the coordinate system along orthogonal 100 directions in each crystallite forming the iron film [see Fig. 4(a) ] [28, 29] . Although the value of the ME coefficients can differ from the bulk values due to strain and surface effects, the symmetry of the crystal determines the number of irreducible ME coefficients [30] : Fig. 4(b) . The ME energy reads: 
for the strain components utilizing the elastic stiffness constants [31] are obtained. Thus, e mel becomes
The magnetocrystalline anisotropy for the (110) plane is (neglecting terms of order higher than sin 4 θ )
and the total magnetic anisotropy density energy can be written as (6) with K ME = B 2 yz ,K 1 = K 1 + K ME , and
Therefore, to apply Eq. (6) in the analysis of this in-plane change of easy axis the presence of a significant residual strain in the Fe(110) layer is mandatory. The Fe/Cu(001) is a well-known system because many sophisticated techniques had been used to characterize the crystal structure; here we use the results obtained by grazing-incidence high-energy ion beam techniques [13, 17] and I-V LEED [9] to estimate the strain components and the strength of the ME terms of Eq. (4). The angle between atomic rows has been experimentally measured for bcc-like Fe films grown at 190 K and RT [13, 17] • . This situation causes a shear strain acting on the rectangular cell [see Fig. 4(c) ] and allows the determination of yz . The angles δ 1 and δ 2 can be evaluated using the law of sines, getting δ 1 = 55.7
• and δ 2 = 52.8 
We note that Eqs. (3) and (8) link xx , yy and zz , thereby a direct measurement of one the strain components is required to evaluate the term that modifies K 1 ; see Eq. (7). In previous works [2, 9] the lattice parameter along the growing [110] b direction has been obtained by means of the I-V LEED technique, showing within the experimental error the match between the values of the film and the bulk lattice parameters. Therefore we assign xx ≈ 0. With this value, and using for stiffness constants of iron c 11 = 241 GPa, c 12 = 146 GPa, and c 44 = 112 GPa, the in-plane strains can be calculated, obtaining yy = −1.15 × 10 −2 and zz = 0.64 × 10 −2 . Thus, using bulk value for the ME coefficients, B 1 = −3.4 MPa and B 2 = 7.6 MPa [32] , we obtain K ME = −2.2 kJ/m 3 . This value is much smaller than K 1 = 48 kJ/m 3 , which implies thatK 1 has the same sign as K 1 and the anisotropy contribution due to the in-plane strain does not change the easy direction with respect to the fully relaxed film. A negativeK 1 [27] . In conclusion, the ME contribution to theK 1 term cannot explain the change of easy axes in any case.
The remaining ME contribution in Eq. (6) is proportional to the yz shear strain. As the value of this strain is large, −1.9 × 10 −2 , the term K ME can become the leading contribution in e ma . To highlight the role of this contribution to e ma we calculate in Fig. 5 This analysis demonstrates that the presence of a minute shear strain can induce a change of easy axes which is in agreement with experimental results for a film thickness of 14 MLs obtained via SEMPA. The model also predicts that the angular deviation from the bulk easy direction is proportional to the shear strain for small K ME values only(<∼0.5K 1 ). It is worth mentioning that a change in the sign of B 2 , which has been observed in epitaxial Fe(100) films in the high-stress regime [32] , provides also a satisfactory explanation of the SEMPA data because then M will be close to the [112] b direction, which is perpendicular to the [111] b and therefore parallel to the Cu[110] f direction. Nevertheless, using bulk values for B 1 and B 2 seems to be reasonable as they have been successfully used to explain the small value of the effective magnetoelastic stress of Fe/Cu(100) for iron films thicker than 12 MLs [33] .
V. SUMMARY
In bcc-like Fe(110)/Cu(100) films the magnetic domains are found to be magnetized parallel to the Cu 110 f directions for thicknesses slightly above the fcc/bcc phase transition. The latter result cannot be explained in the framework of pure magnetocrystalline contribution. Magnetoelastic contributions induced by the shear strain in the Fe(110) plane provide the strength to overcome the cubic bulk magnetocristalline anisotropy and force the magnetization in directions close to the 111 b direction of each rotational variant. This result reveals the role of strain in such systems and allows for a reinterpretation of previous findings which gave hints of an apparent loss of fourfold anisotropy when the Fe thickness is decreased below 20 MLs. As the thickness increases the strain is relaxed and the system merges into the thick-film limit as predicted by Myagkov et al. [16] Using the strain obtained from available structural data and the bulk ME coefficients, the direction of minimal energy is calculated to be at an angle of 44
• 
